We include screening of the bias field by the space charge induced by carrier transport and by the generated terahertz radiation in a model describing the far-field electromagnetic radiation from a large-aperture biased photoconductor triggered by an ultrashort optical pulse. At high f luences, space-charge screening is shown to produce bipolar terahertz waveforms. However, the dominant saturation mechanism is screening of the bias field by the radiated terahertz field.
High-power terahertz radiation generated with large-aperture biased photoconductors 1 -3 has many applications. The design of optimum emitters for such applications requires an understanding of how the terahertz output scales both with bias f ield and with optical excitation f luence. Saturation of the radiated terahertz output from a large-aperture biased photoconductor at high optical f luence has been observed experimentally and effectively limits the terahertz output from such a device. For large-aperture emitters, modeling of this saturation process so far has included only the screening of the applied electric field by the generated terahertz radiation. 1, 4 However, the bias field will also be screened by the space charge induced by separating carriers, additionally contributing to saturation of the terahertz output. The effect of space-charge screening of the bias f ield on the ultrafast dynamics of a biased photoconductor was modeled previously. 5 However, screening of the f ield by the generated terahertz radiation was not included in that model. The role of space-charge screening in subpicosecond carrier transport in GaAs surfacespace-charge fields has been studied 6 ; however, for the geometry studied (optical excitation at normal incidence) no terahertz radiation was generated. Finally, the role of coherent terahertz radiation in the ultrafast electron dynamics of laser-excited photoconductors was recently analyzed. 7 Although space-charge-induced bias-field screening was included in the calculations, they were performed for small-aperture photoconductors (3-mm gap). In this Letter we include screening of the bias field by the space charge induced by carrier transport and by the generated terahertz radiation itself in a model describing the far-f ield electromagnetic radiation from a large-aperture biased photoconductor.
Our calculation assumes that a photoconductor in the x -y plane is biased with a uniform electric f ield E b in the x direction, across a gap spacing L x , and is excited at normal incidence by an above-band-gap ultrashort pulse. We assume that L x . l, the radiated wavelength (0.3 mm). The transmitted radiation is detected on axis in the far f ield at a distance z away from the emitter.
The radiated electric f ield E r ͑z, t͒ in the far-f ield limit is given by Maxwell's equations:
where J͑x, t͒ is the surface current, which is assumed uniform in the y direction. We determine J͑x, t͒ by modeling the time-dependent response of a photoconductor to ultrashort-pulse excitation; we solve a system of nonlinearly coupled partial differential equations, including continuity equations for the electron and hole densities, current transport equations, and Poisson's equation, to determine the effect of charge separation on the electric f ield. Since we are ultimately concerned with terahertz radiation, which occurs on a time scale of several picoseconds or less, we do not include processes such as electron and hole trapping, radiative recombination, and diffusion of electrons and holes that typically become significant on longer time scales in most materials. The continuity equations for electrons and holes are of the form
where n͑x, t͒ and p͑x, t͒ are the surface densities (density integrated over the absorption depth) of electrons and holes, J n ͑x, t͒ and J p ͑x, t͒ are the surface currents of the electrons and holes, e is the electron charge, and hn is the photon energy. Since for many materials the hole mobility is much less than the electron mobility, we assume that J p ͑x, t͒ 0. The intensity prof ile of the optical excitation beam is assumed to be Gaussian in space and time with widths (FWHM) of 150 fs and 0.83 L x . Although previous models assumed spatially uniform optical excitation, 1, 4 we use a spatially varying prof ile in this calculation since it is more easily realizable experimentally. Calculations in which a spatially uniform beam prof ile is used yield qualitatively similar results to those reported here.
Moreover, the radiated terahertz field screens the bias field, yielding the following transport equation for electrons:
J n em n E͑x, t͒n͑x, t͒
where E͑x, t͒ is the electric field, m n is the electron mobility, n dc is the index of refraction of the emitter at the terahertz frequencies, and h 0 is the impedance of free space ͑377 V͒. This equation follows from boundary conditions on the radiated fields, derived assuming that the total electric f ield at the photoconductor does not vary significantly over distances of the order of the mean radiated wavelength. For large-aperture emitters ͑L x . 0.3 mm͒ this is a reasonable assumption that becomes more accurate with increasing gap spacing. Furthermore, this equation ignores ballistic effects and assumes time-independent values for the mobilities. Transient velocity effects were included previously in a model of terahertz radiation without bias-field screening. 8 Finally, Poisson's equation couples transport to the electric field in the photoconductor:
where´is the dc dielectric constant of the photoconductor and l is the absorption depth of the optical photons.
To determine the time dependence of the surface current J͑x, t͒, we numerically integrated Eqs. (2) - (4) with the boundary condition J 0 at the electrodes. This boundary condition was chosen because the external circuit is slow enough that, on the time scale relevant to terahertz generation ͑,10 ps͒, the electrodes do not have time to recharge. Furthermore, since the propagation time across a large-aperture emitter is typically much longer than the generated electromagnetic transients (10-ps transit time across a 1-mm-gap emitter), the retarded time must be used when integrating these equations. Finally, we then used the calculated values of J͑x, t͒ in Eq. (1) to calculate the radiated terahertz field E r ͑z, t͒. Figure 1 shows waveforms, E r ͑t͒͞A, calculated from this model for 1.5-eV excitation in GaAs, assuming an electron mobility m n of 3000 cm 2 ͑͞V s͒ and an initial bias f ield of 2.5 kV͞cm. We normalize the waveforms by the area A of the emitter. Furthermore, for ease of comparison with experimental data the waveforms have been convolved with a Gaussian response function with a 1-ps width. Bipolar waveforms, which occur at high f luences, result from space-charge screening of the bias f ield. For larger gap spacings the f inite electron transit time across the gap diminishes the effect of space-charge screening on the saturation of the radiated terahertz pulse because most of the emitter sees a screened bias f ield only after the terahertz field radiates. Hence higher excitation f luences are required for a bipolar terahertz waveform.
For 0.3-mm-gap emitters [ Fig. 1(a) ] at very low f luences ͑F , 10 nJ͞cm 2 ͒ the waveforms are unipolar. As the f luence is increased ͑10 nJ͞cm 2 , F , 1 mJ͞cm 2 ͒, a long negative tail appears on the waveform whose amplitude increases and whose duration decreases with increasing f luence. Finally, at high f luences ͑F . 1 mJ͞cm 2 ͒ the negative lobe becomes similar in magnitude to the first lobe. Waveforms have been calculated for an emitter without inclusion of retardation effects. These detector-convolved waveforms are similar in shape to those calculated for the 300-mm-gap emitters, implying that retardation effects are unimportant for this size emitter. For 1-mmgap emitters [ Fig. 1(b) ] the waveforms are unipolar for F , 0.1 mJ͞cm 2 , whereas for 0.1 mJ͞cm 2 , F , 10 mJ͞cm 2 a long negative tail appears on the waveform whose amplitude increases with increasing f luence and whose duration decreases with increasing f luence, and finally for F . 10 mJ͞cm 2 the negative lobe becomes similar in magnitude to the f irst lobe. For 5-mm-gap emitters [ Fig. 1(c) ] the waveforms are unipolar for F , 1 mJ͞cm 2 , and for 1 mJ͞cm 2 , F , 200 mJ͞cm 2 a small negative tail appears on the waveform. (Note that these calculations assume a temporally clean Gaussian pulse; pulses with more energy in a prepulse will produce more bipolarity in the terahertz waveforms at large emitter sizes.) This asymmetry between the positive and negative lobes of terahertz waveforms from large emitters has been observed experimentally. 2, 3 Pederson et al. 9 studied the dependence of the terahertz waveform on carrier density for 50-mm-gap GaAs emitters excited by 2-eV photons and found a behavior similar to that shown in Fig. 1(a) for the 300-mm emitter; i.e., the waveform shape changes from unipolar to bipolar as the photoexcited carrier density is varied from 6 3 10 16 to 9 3 10 17 cm 23 . That the carrier density corresponding to the change in shape in Ref. 9 is roughly 10 times higher than that calculated for Fig. 1(a) is due to the fact that the mobility used in the calculation was 3000 cm 2 ͑͞V s͒ rather than the 220 cm 2 ͑͞V s͒ measured for 2-eV excitation in Fig. 1 . Convolved waveforms E r ͑t͒͞A versus time calculated from our model for 1.5-eV excitation in GaAs with m n 3000 cm 2 ͑͞V s͒ and an initial bias of 2.5 kV͞cm, for gap spacings of (a) 0.3 mm, (b) 1 mm, and (c) 5 mm. Fig. 2 . E r, peak ͞A versus F for 5-, 1-, and 0.3-mm-gap emitters (f illed circles) and for a 0.3-mm-gap emitter calculated without terahertz screening but with space-charge screening (f illed squares). Inset: E r, peak ͞A versus F convolved with a 1-ps-response Gaussian function for 5-mm (topmost curve), 1-mm (middle curve), and 0.3-mm-gap (lowest curve) emitters.
GaAs. 1 If the correct mobility is used in the calculation, the experimental and calculated carrier densities corresponding to the waveform shape change agree. Sha et al. 10 also studied the dependence of the terahertz waveform shape on photoexcited carrier density for 50-mm-gap GaAs emitters excited by 1.5-eV photons and observed that the waveform shape changed from unipolar to bipolar as the carrier density increased from 2 3 10 15 to 2 3 10 16 cm 23 , in agreement with Fig. 1(a) . The agreement between this model and the data is surprisingly good, considering that 50-mm emitters are small enough that the assumptions used in deriving Eq. (3) are not fully valid.
Although space-charge screening affects the shape of the emitted terahertz waveform, the dominant saturation mechanism that limits the maximum radiated electric field is screening of the applied bias f ield by the radiated terahertz field. To demonstrate this assertion, in Fig. 2 we plot E r, peak ͞A (where E r, peak is the peak radiated terahertz f ield) versus optical excitation f luence F for 5-, 1-, and 0.3-mm-gap emitters [with m n 3000 cm 2 ͑͞V s͒ and at 2.5-kV͞cm bias field]. All the curves lie one on top of another (f illed circles). We also plot E r, peak ͞A versus F for a 0.3-mmgap emitter without including terahertz screening [without Eq. (3)] but including space-charge screening (f illed squares). Clearly, without terahertz screening included in the calculation the terahertz output does not saturate. We show the effect of limited temporal resolution in the inset, in which E r, peak ͞A is plotted for the same conditions described above, after convolving the terahertz waveform with a 1-ps-width Gaussian response function. Because for a given f luence the negative lobe owing to space-charge screening is larger for smaller-gap emitters, terahertz radiation from small emitters seems to saturate at lower f luences than terahertz radiation from larger emitters when the temporal resolution is limited.
Since the dominant saturation mechanism is terahertz screening, all the experimentally demonstrated saturation properties of terahertz radiation previously shown to be valid for calculations that consider terahertz screening only 1, 3, 4 are still valid; i.e., at sufficiently large f luences saturation of the terahertz output is always observed, the terahertz output scales linearly with the initially applied bias f ield (when ballistic effects are not considered), and the saturation f luence scales inversely with the carrier mobility.
In conclusion, we have included screening of the applied bias f ield by the space charge induced by carrier transport and by the generated terahertz radiation in a model describing the terahertz radiation from a large-aperture biased photoconductor. At high f luences space-charge screening is shown to produce bipolar terahertz waveforms. For large gap spacings ͑.5 mm͒ the finite electron transit time across the gap diminishes the effect of space-charge screening on the saturation of the radiated terahertz pulse. The dominant saturation mechanism is shown to be screening of the applied bias f ield by the radiated terahertz field.
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